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ABSTRACT

Precison management of agriculturd inputs such as herbicides for weed
control is crucid to ensure profitable fams and long-teem sudtainability of the
land. There is now a range of information tools that the farmers can aval
themsdves of, incduding Yidd Monitors, Globd Pogtioning Sysems (GPS),
Geographic Information Systems (GIS), Variable Rate Technology (VRT), and
Hyperspectrd Remote Sensing, dl of which can be placed under the labd of
Precison Agriculture.

This documentation addresses the effective, economica, and responsble
integration of Hyperspectrd Remote Sendng and Precison  Agriculture
technologies for use in smdl to medium szed faming operations for weed and
herbicide management. In a test of the utility of such data, we have collected
severd inter-dependent data sets at an experimentd fam on Maryland's Eagtern
Shore during the 1999 growing season, focusng on corn and soybeans. These
data included: hyperspectrd image data; ground feature differentid GPS data;
geo-located spectrd measurements a ground level; and a database of fidd inputs
and costs. Whether these technologies when used as weed and herbicide
management tools can provide vauable information to a farmer for both short and
long term decison meking a a codt tha is worth the investment remans a
question.  This paper describes the methods of data collection and andyss
including preliminary results and lessons learned.
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INTRODUCTION
Importance of Weed M anagement

Precison management of agriculturd inputs such as herbicides for weed
control is crucid to ensure profitable faams and long-terem sudtainability of the
land. The timeliness of weed management is dso vitd as crop yidds are most
influenced by weed gatus during the firs two to three weeks after emergence for
most crops. The effect of a single weed on yields can be seen in Table 1 for some
sample weedsin crops.

Table 1. Effect of a single weed on yield. [Ross and Lembi, 1999]

Weed % Yidd
Weed Crop Density Reduction
Giant Foxtal ~ Soybeans 1 weed/ft 13
Giant Foxtal ~ Corn 1 weed/ft? 7
Vevetleef  Soybeans 1 weed/3 ft? 34
Sicklepod ~ Soybeans 1 weed/ft? 30
Common Cocklebur ~ Soybeans 1 weed/ft? 87
Giant Ragweed ~ Soybeans 1 weed/15 ft2 46-52

Hemp Dogbane  Corn 1 weed/ft? 15
WildOas ~ Whest 1 weed/ft? 11
CanadaThisle ~ Wheat 1 weed/3 ft? 60

Thus timing of weed and crop emergence is very important as early season
competition has more impact than late-season pressures. Controlling weeds early
is ds0 the best way to control future weed populations as well. Weeds can
produce very large numbers of seeds per individud plant, 34,000 per plat in
Green Foxtall and 117,000 in each Pigweed plant for example. The longevity of
these seeds when buried in the soil is astounding: seeds produced by the broadlesf
weed Vevetleaf can survive for 40 years just benesth the surface. [Ross and
Lembi, 1999] Controlling weeds before they reach ther reproductive stage is
therefore crucia to long-term weed management.

Because unnecessary inputs are codly to both farms and the environment,
precison agriculture technologes and management practices  including
Hyperspectra Remote Sensing, the Globa Pogtioning System (GPS), Geographic
Information Systems (GIS), and Variable Rate Technologies (VRT) are growing
more important on farms large and smdl. In addition, government regulations are
beginning to require detailed reports of input characterigtics such as type, amount,
and time of gpplication.

However, whether hyperspectra image products and the integration of these
technologies can help farmers improve on thin profit margins while a the same
time minimizing adverse effects on the environment remains under question.



Hyper spectral Remote Sensing and Precision Her bicide Management

Feld scouting is currently the dngle best method to develop weed
management plans. The knowledge and experience of a farmer or consultant in
the fidd is an indigoensable advantage in the fight agang weeds. Scouts can
closely monitor the timing of weed and crop emergence, pest populations, and any
other specific request for fidd and crop information. The down Sde is that
scouting every Sngle acre of afarmis extremely time consuming and codtly.

This is where advances in remote sendng technologies are beginning to play
an increasng role in agriculture. The characteristics of most well known remote
senang sadlites like Landsat are very effective for monitoring generd vegetation
hedth and progress of crops in medium to large fidds (50-plus acres), but
monitoring weeds is extremdy difficult. Sadlites like Landsat smply cannot
"see" weeds in fidds. The spatid resolution, or the area of the ground represented
as a dngle unit (i.e. 30m by 30m), is Smply too coarse in these systems. This is
especidly true in regions like the Ddmava (Ddaware, Mayland, Virginia)
where fidds ae typicaly smal and irregularly shgped. Recent work a
Chesgpeake Farms in Chestertown, Maryland provides a good example of such
field geometry. Figure 1 illugrates the difficulty of mapping an irregularly sheped
7.5 acre corn field (Field 51).

1

Figure 1. 28.5m resolution Landsat compared with 2m airborneimagery.

The image on the right is a late May 30m resolution Landsat image of Fied
51. On the left is dso a May image for Fied 51, as recorded by the Airborne
Imaging Spectroradiometer for Applications (AISA) Hyperspectrd  System
(http:/mww.specim.fi ) a 2m ground resolution. Not only is the shape of Field 51
difficult to meke out in the Landsat image but any evidence of weeds is
impossble to ddinegte visudly and very difficult usng computer recognition
techniques.



To dffectivdy implement precison weed management draegies, highly
accurate digitd mapping of weed infedtaions within fidds via scouting, GPS,
GIS, and Remote Sensing technologies will be necessary to take full advantage of
gte-specific VRT systems. When combined, these tools can increase weed control
efficiency and reduce herbicide use and resdues, thereby avoiding excess
gpplications that lead to incressed cods, potentid herbicide resstance in the fied,
and runoff into the environment.

OBJECTIVESAND RESEARCH QUESTIONS

The primary objective was to demondrate the ability of hyperspectrd remote
sensing data to provide information on weed location and species S0 that herbicide
goplications ae timey, appropriate, economicd, and  environmentdly
responsible. The investigation was primarily focused on the following questions:

Can hyperspectral data provide the required spatial, temporal, and
radiometric accuracy for use in sSitespecific agriculture in
particular for rapidly identifying weed infestations early in the
growing season?

If the first question proves true, then can the end-to-end process be
carried out in a manner that will provide net economic benefit to
the farmer?

STUDY SITE DESCRIPTION

Hyperspectrd flights and fiddwork were conducted a Chesapeske Farms
(http://Mmww.dupont.com/ag/chesapeskefarms) on  the Ddmarva Peninsula  near
the town of Rock Hal, Maryland on May 28, July 8, and August 3, 1999. The
primary crops investigated were soybeans and corn, athough many other crops
exig.

Chesgpeske Farms is devoted to the development, evauation, and
demondration of advanced agriculturd practices and wildlife management
techniques, which are desgned to be environmentadly sound, productive,
economicaly viable and socidly accepteble The Sugtainable Agriculture Project
a Chesapeske Farms addresses how farmers can be successful today while
preparing to meet tomorrow's challenges.

This commitment to responsble, forward-thinking agriculturd  management
practices provides the foundation for a drong reaionship with the Applied
Information Sciences Branch (AISB), Code 935, at the Goddard Space Hight
Center (http://sdcd.gsfc.nasa.gov/I STO/code935/cube.shtml).

The AISB is working towards developmert and demondration of an end-to-
end capability to receive, process, and digtribute complex imagery and associated
information products to large numbers of public sector usersin near red-time.
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Figure 2. Map including flight plan for Chesapeake Farms

METHODS OF DATA COLLECTION
The Al SA sensor

Fiedd expeiments were conducted coordinating the Airborne Imaging
Spectrometer for Applications (AISA) sensor flown aboard a twin engine Navaho
arcraft by 3DI (http://mww.3dillc.com) of Easton, Maryland with teams on the
ground collecting radiometric data.

The sensor has a spectra range of 430 to 900 nm and a swath width of 286
pixes that is imaged at a spatid resolution of 1m, 2m, and 3m for an arcraft
flying a 1 km, 2 km, add 3 km regpectivdy. In addition, sSmultaneous
downwdling irradiance is messured. The indrument orientation is monitored by
an Inetid Measurement Unit (IMU), and its podtion is recorded by differentid
GPS. The data was georectified and processed to both at-sensor radiance
measurements, and to at sensor reflectance, by ratioing the upwelling radiance to
the downwelling radiance.



Atmospheric Correction

An important part of goplying hyperspectrd data to precison faming will be
monitoring tempora changes in spectral properties as an indicator of crop hedth.
This requires that the hyperspectra imegery be trandformed into reflectance
gpectra, which is an intrindc propety on the surface independent of solar
illumination and amospheric effects.

To perform atmospheric correction and subsequent converson to reflectance,
we have used the three-band method of [Gao et. a., 1993] [Gao et. d., 1997] as
implemented in his ATREM LINE code which he has made available to us. This
code explicitly edtimates the gaseous water content in the atmosphere on a pixe
by pixd bass from water absorption bands and uses scene estimates for aerosol
and ozone. The absorption of the atmosphere is modded by a line by line modd
for the atmospheric gases and takes into account the scattering in the amosphere.
Thus this code can be adapted to the AISA ingtrument, which in our work has
gpectral resolution around 7 nm.

Because of the limited spectrad coverage of AISA, from 400 nm to 900 nm the
only water absorption band that can be used is the one a 818 nm. To assess the
atmospheric correction we used 2m resolution data close to solar noon, in which a
“bright” road was present. No visble clouds were present a the time of the
measurements.  Ground radiometer measurements were taken 13 minutes after the
aircraft passed over the road.

Fiddwork and Ground Truth M easurements

Location of sampling points and field boundaries were made with a Trimble
Pro XR Differentid GPS system. Differentid dgnds from regiond Coast Guard
towers were used in red-time mode. Extensve fiddwork utilizing the differentia
GPS was conducted to map weed infedtations in the sudy fields. This fiddwork
noted each weed species and density of weeds within a given area. (See Figure 3)
These aeas were then ddineated with the GPS to derive truth and training
information for classifications and accuracy assessments.

Three Andyticd Spectrd Devices hand held radiometers, two modd PS2's
and one modd FR (http:/www.asdi.com) were used for the ground truth
measurements of upweling radiance and reflectance. Porteble stands seen in
Figure 4 were designed to hold the field radiometer heads and a spectraon pane
(at a fixed digtance from the head) for reflectance measurements. With the stands,
gpectra measurements at varying heights up to 2m over ground samples could be
made. In addition, a Microtops 2 (http://www.solar.com) portable sun photometer
was used to gather aerosol optica thickness measurements a regular intervas
during the flights.
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Figure 3. Sample Field 51 weed scouting map.

Figure 4. Portable stand in use with spectralon panel.



Ddineation of Weed I nfestations

Ealy detection of weeds through remote sensing can be an important tool to a
famer for improving crop yidd, and if variable rae equipment for herbicide
goplication is avalable for reducing costs and reducing environmenta impact.
The following May 1999 AISA images of Fidd 51 show the results of agorithms
that can map weed density.

Bare Soil—®Increasing Density of Weeds
[ . &

Figure 5: Minimum Noise Fraction highlighting weed densty in a corn fied
at early emergence. Derived from 2m Al SA data from May 28, 1999.

The images in Figure 5 show the results of a minimum noise fraction (MNF)
[Boardman and Kruse, 1994] clasdfication. The agorithm was agpplied to
gpparent reflectance data a 2m resolution from May 28, 1999. Within the fidd,
colors from blue to red show aess of incressng weed densty in the no-tll
cornfield. Notice the extreme right Sde of the fidd in conagtent blue showing a
lack of weed infestations. This area was tilled and planted with warm season
grasses just prior to the hyperspectral flight. This mgp can easly be converted
into a "Spray/Do Not Spray" map for VRT applications. It can be seen that the
processed hyperspectrd imagery provides a useful tool for the early detection of
weeds.

Weed Species Detection
Using imagery to pinpoint where weeds are in the fidd is only the firs gep.

Effective weed control dso involves management of diverse populations of weed
species.  Therefore gpecies detection is dso a vitd component of weed



management plans employing remotely sensed data.  Studies on weed species
identification usng multispectra data have not proved to be rdiably successful.
The limited spectra resolution of these sysems is often compounded by ther
typicaly poor spatid resolution.

The increased number of bands in the AISA data improves our ability to see
veay smdl differences in the shgpe of the curve. The 20 to 45 bands used in the
Im to 3m daia ae placed & very specific points dong the eectromagnetic
gpectrum to look for specific signature characteristics.  Areas on the graph where
the sgnature drops to zero are where bands are not located. The subtle
differences in sgnaures are what dlow the separation of multiple weed species as
seenin Figure 6.
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Figure 6. Pureand mixed weed species spectral signaturesat 2m resolution.

To date we have seen success in maoping weeds in fidds a multiple
relutions. Determining weed gpecies via hyperspectrd imagery  however,
continues to be difficult and remains the focal point of our hyperspectra research.
It is bdieved tha utilizing other regions of the dectromagnetic spectrum,
changing the number and placement of bands and improving computer
agorithmswill improve hyperspectral weed species mapping capabilities.

ECONOMIC CONSIDERATIONS
Economic Assessments

A god of this invedtigation, beyond the development of technica processng
methods and techniques, was to measure the cost effectiveness of information
derived from hyperspectrd data  Information provided from imagery has utility
to a famer both as a long-term digita record and a short-term indicator of crop
conditions that may impact yidd and require immediate atention. Some of the
long-term and intrindc benefits of the information are difficult to quantify such as



the effects on the loca habitat from reducing chemicd use or, a dollar vaue for
the ability to reference year-by-year crop vigor. For these reasons, the focus of
this investigation was on the short term, quantifiable benefits. For the purposes of
this paper, the potentia savings in dollars to a farmer in the treatment of weeds
was edimaed based on usng the imagery to locate weeds and determining the
arearequiring trestment.

Typicd weed management for the study fidds involves spraying the entire
fidd when weed infestations within the fied reach an extent that a crop scout or
farmer determines will Sgnificantly impact yield. A weed location map produced
from the imagery provides a quantification of weed extent as well as information
on where spraying is needed. This information provides an opportunity to save on
the cost of treatment by applying trestment only where required. To gan indght
as to how this imagery could be of economic vaue congder the example of the
soybean fidld shown in Figure 7.

Figure 7. May 2m classfication for Field 57A showing classified image (left)
with areas of healthy soybean in blue and areas of weed infestations in green
toyellow. Right imageis" Spray/Do Not Spray" map.

The totd acreage for this soybean fidd is 24.1 acres. The entire fidd was
treated with a series of post-emergence herbicides at a totd materid cost of
$32.40 per acre not including cogt for labor and equipment. Required herbicide
inputs for treatment of the entire field therefore cost $780.84.

The totd area recommended for spraying due to indication of weed presence,
(represented in purple) is 13 acres. Treating only the 13 acres with weeds present
would cost $421.20, representing a total savings of $359.64 or $14.92 an acre.
The labor and equipment cost, estimated a $5/acre, would only be saved in larger
fields where entire sections were weed free.

To teke advantage of these savings, VRT for herbicide gpplication must be
avalable. Improvement in VRT would be required to load weed maps derived
from imagery into GPS controlled spraying equipment.  These savings could only



be redized in conjunction with the technology to apply trestment only where
required.

As the invedigaion fdls under "R&D," it is difficult to accurately estimate of
the cost of producing the imagery and furthermore, potentid savings after
technology cost. However the example does show the application of remote
sendng imegery to precison faming is worthy of further gpplication and
economic sudy. Further research is aso required to invedigate the potentid for
imagery to be usad in accurady identifying specific weed types for remote
herbicide prescription as well as the ability to process the imagery within 24 hours
of collection and ddiver informaion to personnd in the fidd udng wirdess
devices.

Payoff of the Technology

The technologies discussed here are not yet beneficid for every famer and
every crop. Many factors will determine when remotely sensed data will become
an integra pat of fam management decisorrmeking.  Until that time it will
continue to be expendve To deermine whether precison weed control
technologies might improve the bottom line, it is important to develop economic
thresholds for weed management plans. Thresholds will help to ease the decison
of when and when not to employ such technologies.

Table 2. Economic threshold questions.

Precison Weed Control: Economic Threshold Questions

1. Where are the weeds and what species are they?

2. What stage of development are weeds in relation to the crop?

3. What impact will weeds have on yields if not controlled?

4. Will weeds affect other fields, livestock, or crop quaity?

5. What is the cost of controlling the weeds?

6. What is the cost of the technologica inputs?

7. What are the expected benefits? (Improved Yields, Decreased Costs, etc.)
8. What is the Estimated Cost/Benefit ratio?

The Edimated Cost/Benefit ratio is the most important factor in weed control
decison making. Because whether precison weed control technologies improve
your Cogt/Benefit ratio via better timing of your pre-emergent spray or improve
decison making on post-emergent spraying, they can potentidly save a lot of
time and money.



CONCLUSION

Hyperspectra imagery does have the potentia to identify specific species of
weeds but will require more research and time to create the necessary information
for accurate ddinegtion of weed infedtaions, identification of gspecies, and
determination of economic cost/benefits.  In the future this will be a new form of
management making possble the identification of many problems faced by farms
every growing season. There are savings to be made but the cost of achieving
those saving remains out of touch by the mgority of producers.
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